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Abstr act
Ef6ectiv e s edim ent c ontrolis required brthe B ai-shi dam o nthe D ai
- Ling-lie Riv e rin
chin a. The botto m outlets hav ebee nde signed to discharge the s edim ent 丘
.
o m the
r e s 6 rv Oir du ring floods tlSing the tw o alte rn ative gate ope r atio n m ethods:(a)v enting
de nsity c urrent and(b)dra wdo wn- 加 shing･ Using vcnti喝 densitycu rr ent rule, the high
co nc e ntratio ns edim e nt c a nbe dischargedthro ughthebotto m o utlets･ Usingdr awdo wn -
flu sh ing r ule, riv erin eBo w run s o nthe r es e rv oirbed and c an 且u sh o ut the sedim e nt丘o m
the r e s ervoir･ This stlldy pre s ents n um erical sim ulatio n s using a tw o
- din en sion al
m udflow m odel and a qu asi-thr e edim ensio nal flo w and sedim ent tr anspo rt m odelto
predict the beha vio rofthe s edim entinthe r e servoir u nder the differe ntgate operation
rule s.
1. Intr odⅦctio n
T he D ai- L ing- He Riv erorigin ates 丘o mthe w e ster nhills in Liao ng pro vin c efChin a and 鮎w into
the Gulfof Liaodo ng(Fig 1). The total length and c atchm e nt are ais 435km a nd 23,5 00km
2
,
re spectiv ely･ T hepopulatio n ofthe D ai
- L ing- He Riv er Ba sin hasincre a s edtofo u rmillio n withthe
gro wth ofagricultu r e and indu stry･ To m e et thein cr e aslng W ate rde m a nd foi irrlgation, m umicipal,
and in du stry andto me et the ne ed fo rmo od co n tr ol, the B ai
-shid am w asplan n ed･ Bai- shi da mha s
be e nproje ctedto supply a totalof 7Ⅹ10
8
m
3
/ye a rto the do wn stre am a re a s(Departrnent ofWater
r es o u r c e s ofLia oing province, 1993)･ T he Bai- shi da m siteislo c ated at ar o und 20kn do w nstre a m
ofthe connu e n c epoint ofthe D ai- Ling- He River a ndthe M o ng
- Nie･ He Riv er･ T he d am is of
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beginning Of the oper ation ･ Ho w ev er, the D ai
･ Ling- H¢･Riv er tra nspo rts a large v olu m e of
s uspended sedim e nt, which is produc ed byhe a vy s oilerosio nduringflo ods･ The a n nualsedim c n
t
tr an spo rt of 23Ⅹ10
6
to nha sbe en obse rved at the Bai- shida m site･ Further more, the hrge no ods
c ontribute n e arly50% ofthetotalsedim er[tno ws ･
T he sedim e ntispr edo minatelysilt･ W itho ut c o ntrol m ethods,the s edim entatio n willquicklyredtlC e
the effectiv e sto r age ofthe r e s er voir･ To pr olo ngthelife span ofthe da m, tw elv ebotto m outlets
w ere design ed at the da m･ Tw o alte rn ativ e gate
- oper atio nr ules are pla n ned duringthe ao ods･
na m ely:
(a)ve nting den s砂 cu r r e nt m ethod: T he s edim entinflo w c anbe released a s a de n sity c u rent
thro ughthebotto m outlets(Fan and Mo ris, 1992).
仲)Draw -do M 7Pu shing m ethodI The res e rv oir sho uld be dra wn do wn a prio ri so that s o me
pr evio u sly deposited s edim ent c a nbe s c or ed andthe flo od with large s edim ent conce ntr at
io n
c an be flu shedthr oughthe botto m sluic e s(Fa n and Mo rris192, a nd C ha ng et･ al 1996)･ T his
oper atio n m aybe used whe nalarge s cale of flo odoc c u r s･
The objectiv es ofthis study are:1)to e stim ate the s edim ent v olu m edischarged fro m the botto m
outlets u sing n u m eric al sim ulation m odels and 2)to inv e stigate the effectiv egate
- ope ratio n ru1e
which effectively discharge the r e s erv oh s ediJn e nt･ T his studyis part of the feasibility study
u ndertake nbyJapa nlnter natio nal Co oper atio nAge n cy(JIC A)･
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In ad dition, the egten sivelv e r oded area inthe basinw aside ntifiedllSingrem otes e n slngtechn ology.
The riv er s edim e nt and theland c o v er change in the basin that could have in且u e n ced su rface
e r osion w ere i71V eStigated･ Tim e- s eries a nalysts WaSals o m ade to detect tr ends
hydrologl C rec o rds of d aily- s u spe ndedlo ad and d ailydis charge.
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2. Vc ntingde n sityct)rr ent thr o tIghthe botto m outlets
To estiITlate the sedim ent volu m e v e nted 舟o m the botto m o t(lets while retainlngthe highwater
le v el in the rese rv oir, the tim e s e rie s ofthe s edim ent con centr ationpro丘1e at the darrl W a s ObtAmed
by co nsideringthefollo wlng Pr o c e sses:
(1)Adv e ction ofsuspendeds edim e ntdu etothe flo w
(2)Diffusio nofsuspendedsedim entdu eto the differ e n c e of densityinthe flo w
(3)F allingrate ofsuspendedsedim e nt a nd
(4)Pick- uprate of depo sitedsedim e ntdu eto thebedsha r e stres softheBo wl
Beca use the sedim e ntparticleis small(d50= 0･02mm) andthe no w inthe rese rv oir m ay v arydue to
the c o mple x geo metry ofthe re s e rv oir, a qua si
-thre edim en sio nal flo w a nd sedim enttr an spo rt
modelw a s applied fo rthis sim ulatio n･
2.1 Flo w and s edim e nt tr a nspo rt equ atio nsin am ultisyste m
T he qu a si-thr e edim e n sional flo w a nd sedim e nt tra n sport model uses a m ulti lev elsystem ･ In the
Inulti-le v elsyste m, w ate rbodyis splitinto s om elaye rsindepth, a ndthe no wis sim ulated inatw o･
dim e nsio nal m an ner fo r e a ch layer･ The m o m e ntu m a nd m aterial in a v ertical direction are
ex ch anged betw een thelayers a ndthe rebythe flow and s edim e nt transpo rta r e sim ulated in athr e e
-
dim e n sio nal m a n ner･ Assu m ing the pr es sure is hydr o sta土ic, gov erning equ ations fo r皿ow and
s u spended s edim e ntc a nbe w ritten asfollo w s:
幽
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Whe re x
, y, z a r e c o o rdinate dire ctio ns; u, v, and w ar evelo citiesin x, y, and z dire ctio ns;f
=
c oeffic e ntforCo riolis effect;g = gravitationala c c el ratio n;P I pre ss u re, T = Shear stress･
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Whe r eC = v olu m etric conc e ntr atio n ofsuspe nded sedim ent;T = te mpe ratu r e; Dx, Dy, Dz, Ex, Ey,
and Ez a r edif fusio n c o effic e ntsin I, y, a nd z dire ctio ns, respe ctiv ely;w ｡ : ≡ falling v elocity of
s uspe nded s edim ent;q飢.≡ Pick upr ate ofdepo sitedsedilTLe nt.
T he m odel w as s olv ed using Bnite diffe ren c e 皿 ethod. The abov e go v e rnlng equ atio ns w ere
i‡1tegr ated in depth a ndthen we r edis c r etiz ed in an e xplicitfor rn ･ A pick up r ate of depo sited
s edim ent
, qsu, w as estim ated using As hida a nd M ichiue
'
s for m ula(As hida and Michiu e,1978). The
density ofthe no w w asdes cribed as afun ctio n ofte mper atu r e and su spended sedim ent. T he m ean
gmin size of sll SPe nded sedim ent(dso)is O･0214m m on av e rage a nd its falling velocity w a s
estim ated a s 0.0407c m/a using Rubey
'
s form ula. The shape ofthe r eserv oir affects o n the
sim ulation res ults･ Ac c o rdingto the m a sterplan, the sedim e nt a c ctl mulatio nin the r e s erv oir a丘er30
yea rs shouldbe controledto 3･Oxl O
8
m
3
･ T he r efor e
,
the shape of the re s erv oir w as estim ated with
l･5xlO8 m 3 of s edim ent ac cum ulation u sing Ernpirical Ar e aRedu ction method fo rthe subs equ e nt
sim ulatio n s.
2.2 Results
(1)Behavio r ofsu spendedlo adinthe r e servoirduringno odtim e
T he sim ulatio n w asdonefo rthre e m ajorno o°s ov erthe hst38years- a 50ye ar r etur nperiod fo od
(Jtly of 1962), a20ye ar retu rnperiod no o°(Augu st of 1969), a nd a10-2 0ye ar return period flo od
(August of 1984)･ T he sim ulatio n results ar e s u m mariz eda sfollo w s:
地 &由迎
Bec a u s ethe r e serv oir widely c urve sin the upstre a mpo rtio n and islo c ated at the connu e n c epoint
of D ai- Ling- He Riv er and Mo ng- Nie- He Riv er, the nood fo r c ear edimimished in m agnitude･
Furthe rmo r e
,
the now rotate sin the wi de po rtio n ofthe upstre am ofthe da m. T her efo r etheflo w
he adingto w ardstheda mbe c o m e ssigmi fic a ntly w eak.
包 BEEaiEaiQA Bf3k!PSBaSdjSaiB gALinAs W
Ac c o rding to the 月o w in the r e s er v oir, m o st of s uspended s edim ent do e s n ot r e a ch the da m,
m ea n i ngthe co ncentr atio n ofsuspended s edim e nt attheda mislo w･ T he de n sity c u r r e nt also se e ms
to dis sipatebefわr e r e a chingtheda m･
- 21 6-
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since a hrge am o u nt of s u spended s edim ent flo w sinto the reservoir and a c c um uhte sbefore
reach ingthe dam , the depo sition su rpas s e sthe s c o u rinthe entire re s erv oir. The deposition is
especiallysignific a nt inthe upstre a m ofthe c o nflu enc epoint,in the dow nstr eam wide portio n of
King
-re -ji, and inthe wide upstrea mpo rtion ofthe da m･
(2)Effe ctiv eoperatio nr ule sfo rthebotto m outlets
ln ge n er al, the s ed lme ntc o nc entratio npeal( fo llo w sthe no odpe ak when alarge flo odBo w sintothe
r es erv oir･ Therefo re, m o re res e rvoir s edim ent c an be discha rgedthrough the botto m outletsby
rele asing m o r e W ate r afterthe flo od pe ak･ To analyz eits effect, the m odel w as rt mfo rthe tw o
differe ntstr ategies･ In str ategy-1, the w ate rlevelofthe res ervoh a鮎rtheflo odpeak w a sregtlhted
at thelimited w aterle v el duringthe Ro od se as o n, 12 5･6m . In str ategy-2, the w ate rplevel c anbe
dra wdow nby2.0 m belo wthel lm ited w ate rle vel.
Figu re3(a)and(b)sho w thehydrogr aphs ofinflow (Qin), OutnO W(Qo ｡t), simulated w aterlev els
and sim ulated s edim ent con c e ntr atio ns ne a rthe botto m outletsduring1 969 flo od, for Strategie s1
and 2. Under thes e･no od co ntr ol str ategies, outflow (Q. ut)w a sr edu c ed o nc e &o m 5,doom
s
/slo
2,500m
3
/s whe nthe re s er v oir w ate rle v elr e ached 1.3m abo v etheli mited w ate rlevel(125.6n). The
flo od peak ap pea r ed aae r16 hou rs and r e ached 1 0, 00m
3
/ら, wherea sthe sedim ent conc entr atio n
peak appe ars ro tlgh1y20 ho u rs aRe rtheno o°pe ak a nd in c rea sesbetw e e n4,0 00- 6,000ppm ･ Table
1su m m ariz e stotal inflow and o utflo w of discharge, ofs edim e nt, the ratio oftotalsedin entinno w
to thetotalsedim e nt o utfLo w (Rs), andthe w ater r ele a s edto discharge a mit v olu m e ofs edim e r[t
(Q一心i The Rs of strategy-2 fo r1 984 flo od w as 1 9･2% a nd the highest of all･ In c onclusio n,
stra,tegy- 2 s e em sslightly more effe ctiv ein discha rging re s erv oir sedim ent than str ategy-1 butit
alw ays re sultsin rele asinglxlO
8
m
3
of 叩 u S ed w ate rto the do wnstre am ･ Therefore, strategy-2 do es
n otse em tohavegreater adva ntages over strategy-1･
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Table-1 Su mm ary ofsirnulatio nfo r1969凸o od
地
Froo ゐ DE
'
schuge(xLO
6
z,I
)
) sedim e nt(u OIp1
3
) Rs
(%)
Qnq
h Out h1011t h 011t h-Out
1962 1292 1,317 -25 32.2 3.9 28 3 12.2 338m
3
1 969 559 564 -5 7.2 0.8 6.4 ll.0 705JT1
3
1 984 666 664 2 8.3 1 3 7.0 15.8 511瓜1
3
立道』gヱ遥
FEo oゐ Dz
'
scharge(xL O
6
m
3
) sedl
'
zne ld(x)0
6
m
3
) Rs
(%)
Q, eq
ln Ollt ln - Olユt In Ollt h -Out
1962 1.292 1,409 -117 3 2,2 4.1 28.1 12.8 344m
3
1969 55 9 67 9 -120 7.2 1.1 6.0 15.7 617T n
J
1984 6 66 788 I122 8 3 1.6 6.7 19.2 493m
3
3. Dr a w･ do w nntlShing m ethod
Whe n dr a w-do w n8u sh ing ru1e is u s ed du ring floods, the r eservoir wi ll be fu lly dr a w ndo w n a
prioris othat riv erine flo w ru n sdo w n o nthe drybed, sc o r epr e vio u sly depo sited sedim ent, and
flu sh o ut the m throughthe botto m o utlets ofthe d am . A tw o
-dim ensio n al m udflo w m odel w as
applied to sim ulate the behavio r ofres er voir s edim ent unde rthis oper atio n r ule･ The dr aw
-dow n
r equ lre ment m al< e Sthis m ethod u nattra ctiv e for large re s ervoir, Such asthis, be c a u s e ofthe
diffic ultyin fo r e c a sting floods ahe ad. Ho w e v e r, w e a s s ume this m ethod m ay beimplem e nted in
futu re since s edim entatio n m ay pr ogres siv elydi minishthe c apa city ofthe res e rvoir･
3.1 Tw o-dim ensio n al m udnow m odel
ln thetw o-dim en sio nalm ud flo w m odel
,
the depth av erageflo w w a s c al ulated by applying atw o
dim e n sio nalshallo w water no w equation, w hilethe bed v ariation was calc ulated u sing c o ntinuity
equ atio rlforbed lo adtr anspo rt･
T hetw odim ensionalc ontinuity a nd m o m e ntu m equ atio n s, w hich w asfo rm ulated byintegr atingthe
gov e rn ig equ ationsbetw e e nthebotto m andadepth, z, c an be de s cribed a sfollo w s:
告･px箸十Pァ箸 ニ ー gh嘗一号 告･βx箸.βy箸- - gh%-吾
Where qx , qy = Ⅹ and y co mpo ne nts of dis charge per u nit width;βx, βy I i, y c o mpo n e nts of
hlO m e ntll m adjustm e nt fa cto r(=110), u, v I Ⅹ a nd y c ompo n e nts ofthe depth- av eraged flo w
velo cities; h = w ate rdepth; H = w aterle v el(gro u nd ele v ation ＋ w ate rdepth);Tx and Ty = Ⅹ, y
c ompo n e nts ofshe ar str e s s･ Assu m lngthatthebed shea r stresse s a r ede sc ribed bythelo cal depth-
a v e raged flo w v elo citie s, てⅩ a nd Tyin the m o m e ntu m equ atio n sc a nbe w ritte n u s lng M ann lng
'
s
m e a nv elo city equations a s
r
x
_
gn
2
uJ 訂
p h
l/3
･
, gn
2
v 抑
p h
l/3
W he r eg = gr avitatio n ala c c el r atio n;rl= M a n rll ng
'
s r o ughn e s s c o effic e nt.
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A contin uityequatio n of flo w c an bede s cribed as:
些 . 也 . 盤 ヨ o
dt ax. q)
幽
Co ntinuity equ atio n ofs edim e nt c anbe des cribedas:
c.%･警十箸 - o qb - 岩 qB
∇
qBx 環 市 qB
WhereI = tim e;c
*
= s edim e ntc onc e ntr ation of bed m aterial 1oad;qB∑, qBy = Ⅹ a ndy components of
bed-loadtr a n spo rtratepe r u nit width, qB = bed
-loadtr a n spo rtrate per u nit wi dth
Be c a use the flo w c o ntain s alarge v olu m e of su spended s edim e nt, Bro wn
'
s for mula stated below
w a s adopted.
qB - ◎ B 厨
Wher e ◎ = dim ensionless s edim ent dis cha rge,; q73= Sedim ent dis charge per u nit wi d th; T
*
=
dim eTISionle s sbotto m she ar str e s s(= u* /sgd; s= a/p-1,u *= friction velo city;s= speci丘c gr avity of
s edim e ntin w ater; dp= specific gravity of sedim e nt - 2.65);て
♯
c= C ritic al dim ensionles sbotto m
she arstr ess(=0･05)･
T he e ntir e r es er voir is dis c r etiz ed llSing a Bnite diffe r e n c ec ellusi ng a gridsize of 200 m . The
abo v enow and sedim e nt tr an spo rt equatio n sin the c ells w ere s olved e xplicitly u singtheleap-Bog
method.
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3.2 Sim ulatio nfo r1 969 flood
The sim ulation unde rthe draw ･do wn凸ushing method w as m ade for1 969 8o od, by as su ming the
reservoir w asfu llydraw n do wn apriori fro m thelimited w aterlev el, andno od flo wsintothe empty
re s ervoir. In addition
,
thebottom o utlets w ere a ssu medtobe fu llyopendu ringtheflo od･
T he totalrelea s ed s edim ent w as1,8Ⅹ10
6
m
3
. T he r atio ofthe rele as eto the totals edim e ntinno w
(7･25Ⅹ1 0
6
m
3
)w as 25%, Figure 4 show s thelo ngitudinalre s e rv oir bed cha nge andthe sim ulated
w aterle velaAer1 6 ho u r s
,
r e spe ctiv ely. Sinc ethe v olu m e ofreleased w ater, Q. ut, w a sli mited bythe
c apa cityofthebotto m o utlets, the 批) w w a sn otlikein a riv e r. The w aterle velrais ed high and w as
almost ho ri2:Ontal up to 15 knupstr eam of dam . Thus, the v elocity a ndthe botto m shea r stress
dec re as edsignific antly even n earthedam . Con sequ entlythelo ngitudinale ro sio ndidn otpr o c eedt o
theda m e spe cialy where the width w aswidein range･ Onlythe s edim ent ne arthe da m w a sBushed
o llt.
4. Con chsio n s
M ain objective ofthis study w astoinv estigate ho w m u ch r e s e rv oir sedim ent oper atingthe botto m
outlets du ringnoods c a ndischa rge･ T hetw o operation m ethods:(a)v e ntingdensity c u rr en t a nd(b)
draw - dow n flushing w ere te sted using a nd atw o dim ensio nal m ud flow m odel a nd a quasi
-thr e e
dim e nsional 凸o w and suspendeds edim e ntsim ulation model.
T he c o n chsio n sa re:
(a)Beca use ofthe rese rvoir's geo m etric c o mple xity a ndthe siz e ofthe bo tt o m sluic egates, the
volu m e ofres ervoir s edim erlt dis cha rged by v enting c urr e ntdensity m ethod varied 丘
･
o m lo啄 to
2 0%
,.whilethatfor dr a w
-do w nnusbing m ethod w as25%. T his sugge ststhere e xists a n e ed for
s edim entatio n mitigatio n m easu re supstre a m ofthe r e s e rv oir.
O) T he sim ulatio n models pre s entedhere should be calibr ated usingthe field data obs e rv ed after
actualr e s erv oir oper atio ns start･ T his is required be cause the m odels pr es ented here ha ve thc
follo wing w e akn e s s:
･ The quasi-thre e dirn e n sio n al flo w and s edim ent tr ansport m odel do e s n ot c o ntain the
appropriate fo r m ula describing a pick up rate of sedim en t withs u ch a sm allgrain si2:e
(d50= 0･002m m)･ Ashida and M ichiu e
'
s forrn ula
,
appr opriate for abigger siz e, w a s appliedto
the m odelinstead.
･ Br o wn's for mula c an ap pr opriatelyde sc ribe the s edim e nt tr anspo rt when the waterle vel of
the res er v oir is relativ ely low I How e v e r, the sedim entis transpo rted in adv e ctio n and
diffusion m an n er when the w ater-le v el in the r eser voir be c o m e shigh, T hu sthe adv ectio n
and diffusion for mula sho uld be addedtothe pr e s ent tw o- dim e n sional m udflo w m odelto
pre cis elyde s cribe the sedim ent transpo rt･
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